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The study aims to determine possible dose-volume response relationships between the rec-
tum, sigmoid colon and small intestine and the ‘excessive mucus discharge’ syndrome after
pelvic radiotherapy for gynaecological cancer.
Methods and materials
From a larger cohort, 98 gynaecological cancer survivors were included in this study. These
survivors, who were followed for 2 to 14 years, received external beam radiation therapy but
not brachytherapy and not did not have stoma. Thirteen of the 98 developed excessive
mucus discharge syndrome. Three self-assessed symptoms were weighted together to pro-
duce a score interpreted as ‘excessive mucus discharge’ syndrome based on the factor
loadings from factor analysis. The dose-volume histograms (DVHs) for rectum, sigmoid
colon, small intestine for each survivor were exported from the treatment planning systems.
The dose-volume response relationships for excessive mucus discharge and each organ at
risk were estimated by fitting the data to the Probit, RS, LKB and gEUD models.
Results
The small intestine was found to have steep dose-response curves, having estimated dose-
response parameters: γ50: 1.28, 1.23, 1.32, D50: 61.6, 63.1, 60.2 for Probit, RS and LKB
respectively. The sigmoid colon (AUC: 0.68) and the small intestine (AUC: 0.65) had the
highest AUC values. For the small intestine, the DVHs for survivors with and without exces-
sive mucus discharge were well separated for low to intermediate doses; this was not true
for the sigmoid colon. Based on all results, we interpret the results for the small intestine to
reflect a relevant link.
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Conclusion
An association was found between the mean dose to the small intestine and the occurrence
of ‘excessive mucus discharge’. When trying to reduce and even eliminate the incidence of
‘excessive mucus discharge’, it would be useful and important to separately delineate the
small intestine and implement the dose-response estimations reported in the study.
Introduction
Few, if any, survivors who have undergone radiotherapy for a pelvic tumor return to the intes-
tinal health they had before treatment. Pelvic-radiation disease contracted during radiotherapy
may consist of as many as 30 different late adverse intestinal effects [1] that compromise the
survivor’s daily life. One such late adverse effect is excessive mucus discharge or ‘mucus syn-
drome’, which is a patient-reported outcome. We do not know the extent to which ionizing
radiation delivered to the small intestine, sigmoid colon, or rectum may be responsible for
inducing this specific late adverse effect.
The small intestine protects its epithelium from stressors by increasing the production of
mucus. It appears possible that ionizing radiation reaching the small intestine may act as a
mucus-producing stressor [2]. During normal conditions, mucus from the small intestine
reaching the large intestine is degraded to short-chain fatty acids by the action of bacteria in
the microbiota in the large intestine. These short-chain fatty acids are absorbed in the intesti-
nal wall, leading to, among other things, restoration of the energy that was used during the
production of mucus [3]. It is also possible that ionizing radiation to the sigmoid colon or rec-
tum compromises the degradation of mucus by inducing dysbiosis. Thus, we have rationales
for investigating the extent to which excessive mucus discharge is related to the ionizing radia-
tion delivered to both the small and large intestine.
Our study investigated and quantified the dose-volume response relationships of the small
intestine, sigmoid colon and rectum to the ‘mucus syndrome’. The ultimate aim was to predict
the occurrence of the mucus syndrome as a result of the radiation dose to the organs at risk
(OAR). For that purpose, we employed various statistical analyses and normal tissue complication
(NTCP) models, using as an outcome a score, measuring the degree of excessive mucus discharge.
Methods and materials
From a larger group of 650 cancer survivors who had been treated with radiation therapy for
gynecological cancer, 98 were selected for this study. From the 650 individuals 20 were
excluded due to having a bowel stoma. Among the 630 remaining 7 were excluded due to hav-
ing more than 30% missing values across the 28 studied symptoms. Of the 623, 98 received no
brachytherapy and a DVH could be extracted from the treatment planning system. Thirteen of
the 98 had developed ‘mucus syndrome’. Patients clinical information were retrieved from the
medical records. The OARs that were studied were the rectum, the sigmoid colon and the
small intestine. The OARs were delineated and the dose-volume histograms were exported for
each survivor from the treatment planning systems. The survivors included in the study had
received combinations of external radiation therapy (EBRT), surgery, and chemotherapy
(Table 1) at Karolinska University Hospital, Stockholm or Sahlgrenska University Hospital,
Gothenburg during 1991–2003. The study was approved by the Regional Ethical Review Board
(2005/1424-31/4), Stockholm, Sweden. The survivors were informed about the study and
agreed to participate. According to the Ethical Review Board, completing the questionnaire
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Table 1. Demographic, clinical characteristics and treatment characteristics of survivors with or without ‘excessive mucus discharge’ after pelvic radiation therapy.
Survivors with the syndrome Survivors without the syndrome p-value
N = 13 N = 85
Age (SD)
Mean age, years 61.9 (10.2) 65.9 (7.5) 0.29
Smoking- n/N (%) 0.39
Current smoker 24/84 (29)
Former smoker 7/12 (58) 34/84 (40)
Never smoker 5/12 (42) 26/84 (31)
Deliveries- n/N (%) 0.063
0 9/12 (75) 70/84 (83)
1 2/12 (17) 12/84 (14)
�2 1/12 (2) 2/84 (2)
Pelvic floor injury- n/N (%)
Perineum injury 2/12 (17) 24/85 (28) 0.51
Anal sphincter injury 0/24 (0) 4/74 (5) 0.57
Co-morbidities- n/N (%)
Rheumatism 2/12 (17) 8/85 (9) 0.61
Diabetes mellitus 10/12 (4) 7/86 (11) 0.30
Hypertension 6/12 (50) 24/85 (27) 0.17
Hemorrhoids, treatment for 1/12 (8) 5/86 (7) 0.55
Lactose intolerance 0/12 (0) 4/86 (5) 1.00
Diagnoses- n/N (%) 0.65
Endometrial cancer 0/12 (0) 9/86 (10)
Cervical cancer 3/24 (12) 15/86 (17)
Ovarian cancer 5/12 (42) 28/86 (33)
Vulvar cancer 1/12 (8) 5/86 (6)
Vaginal cancer 0/12 (0) 3/86 (3)
Sarcoma 1/12 (8) 17/86 (20)
Fallopian tube cancer 3/12 (25) 9/86 (10)
Treatment characteristics
Treatment modalities- n/N (%) 0.20
EBRT+ Surgery 3/12 (25) 39/86 (45)
EBRT + Surgery + Chemotherapy 7/12 (58) 0/86 (47)
EBRT+ Chemotherapy 1/12 (8) 6/86 (7)
EBRT only 1/12 (8) 1/86 (1)
EBRT doses (SD)
Total mean dose Gy 45.2 (9.8) 45 (11.2) 0.71
Field technique- n/N (%) 0.21
Two opposing fields 8/12 (67) 40/85 (47)
Four-field box 4/12 (33) 45/85 (53)
Target area- n/N (%) 0.32
Pelvic field 3/12 (25) 39/86 (45)
Lower Abdominal field 8/12 (67) 38/86 (44)
Abdominal field 1/12 (8) 2/86 (2)
Pelvic field + paraaortic lymph nodes 0/12 (0) 3/86 (3)
Pelvic or vulvar field + inguinal lymph nodes 0/12 (0) 4/86 (5)
Mean time since EBRT, months (SD) (SD)(SD)
7.6 (3.3) 8.8 (4) 0.34
https://doi.org/10.1371/journal.pone.0250004.t001
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and sending it by post, is considered to be a written consent of participation. The main data
collection was carried out between January to October 2006. The extraction of the dose data
was carried out between 2006 and 2007. For the analysis, the data were accessed fully
anonymized.
As described in a previous study by our group [4], a validated postal questionnaire was con-
structed consisting of 351 questions concerned with physical symptoms, quality of life, social
functioning, and demographics [5]. 28 questions dealing with intestinal-health symptoms
were analysed using exploratory factor analysis based on the Spearman correlation [6]. Parallel
analysis [7] as well as a bootstrap version of Kaiser’s rule [8, 9] suggested that six factors best
described the structure of the data. After applying the Variamax rotation to the fitted factor
analysis model, the Variable Cutoff Method, described in the appendix to [6], was applied to
enhance the interpretability of the factor loading structure by making it sparse, i.e. setting
some factor loadings to zero. Based on this sparse factor loading structure five of the factors
were interpreted as radiation induced long term intestinal syndromes. Factor scores, inter-
preted as syndrome intensities, were further calculated based on this sparse version of the fac-
tor loading structure. The analyses were performed in R using in particular the fa() from the
psych package to fit the exploratory factor analysis model to the data.
The 98 survivors had received EBRT according to International Commission on Radiation
Units and Measurements (ICRU 1993) [10]. The EBRT plan was made based on Computer
Tomography (CT) scans; the thickness of the slices was 5–20 mm. The treatment planning sys-
tem used in Stockholm was the TMS (Nucletron, Veenendaal, the Netherlands), while in Goth-
enburg the Cadplan and Eclipse systems (Varian Medical Systems, Palo Alto, CA, USA) were
used. Patients were treated when in a supine position using linear accelerators with energy
ranging from 6 to 50 MV. The fractionation schedule was 1.6, 1.8, and 2.0 Gy per fraction.
The survivors were treated for endometrial cancer, cervical cancer, ovarian cancer, vaginal,
sarcoma, and fallopian tube cancer. For endometrial cancer the prescribed doses were 40–46
Gy, and for uterine sarcomas 50 Gy. For cervical cancer, the total prescribed dose was 55.70
Gy, administered in two phases. The first phase was administered using similar techniques to
the above diagnoses; in the second phase, a boost was used targeted on a smaller volume. For
ovarian and fallopian tube cancers 20 Gy was given to the whole abdomen and pelvis, and an
additional 20 Gy to a reduced volume delimited by lowering the cranial margin.
The rectum, the sigmoid colon and the small intestine were contoured in Stockholm and
Gothenborg using the same written guidelines. Our method has been thoroughly described in
our previous publication [11]. The rectum was delineated by including the filling, and as delin-
eated it extended from the anal verge to the rectosigmoid junction. The beginning of the sig-
moid colon was contoured where the rectum deviates from its midposition and extended to
where it turns cranially in the left part of the abdomen connecting to the colon descendens.
Finally, the small intestine was delineated as the volume between the pelvic cavity and the cau-
dal part of the sacroiliac joints [11].
For the rectum and sigmoid colon, we produced the cumulative DVHs for each patient. For
the small intestine, the absolute volume was used for the DVHs because we delineated only a
part of the organ. To be able to compare the DVHs for survivors with and without the syn-
dromes of each cancer survivor, we calculated the mean cumulative DVH for each group. We
corrected the physical dose-distribution to 2 Gy/fraction using the Biological Effective Dose
(BED) [12] to account for differences in the fractionation schedule. In order to do basic calcu-
lations and radiobiological calculations, we used BML software based on the optimisation soft-
ware Nonlinear Programming, Systems Optimization Laboratory NPSOL [13].
We calculated the dose-volume response relationships of the urgency syndrome and the
OARs. We fitted the data to the Probit model [14], which is a dose-response model describing
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the sigmoidal shape of the dose-response curve and based on the cumulative dose-distribu-
tion.
P Dð Þ ¼
1
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The Probit model is conveniently parametrised with D50, the dose corresponding to a 50%
response probability after uniform irradiation of the reference volume and γ50, which is the
maximum normalised dose-response gradient at 50% response probability.
We also fitted the data to the Relative Seriality (RS) [15] and the Lyman Kutcher Burman
(LKB) [16] models, which are dose-volume response models that also account for the volume











where Vi is the irradiated subvolume of an organ compared to the reference volume, Vref and s
is the RS parameter that characterizes the structural organization of the Functional Subunits
(FSUs) in the organ and account for the volume effect. M is the total number of voxels in the
organ and P(Di, Vref) is the probability of response of the organ having reference volume Vref
and being uniformly irradiated to dose Di. The response probability P(D) of the OARs and the
mucus syndrome used in the RS model, were calculated using the Probit model.
In the Lyman model, the probability of observing a specified complication after irradiation
to dose D of subvolume V, expressed as a proportion of the whole organ or other reference vol-
ume, is modeled using the Probit function:













where n is the volume parameter and m is inversely related to the slope of the dose–response
curve or the normalized dose response gradient γ50 (m ¼ 1g50 ffiffipp ). We combined the Lyman
model with the generalized Equivalent Uniform Dose (gEUD) model [17, 18] but Lyman
could be combined with any DVH reduction model. The gEUD is used to summarise the











The n parameter is inversely related to the α parameter of g EUD model a ¼ 1n
  �
.
The model parameters were estimated using the maximum likelihood method setting α/β
ratio equal to 1. The α/β ratio is defined as a dose α/β, where the linear and quadratic compo-
nents of cell killing of the linear quadratic equation are equal. To evaluate the goodness of fit of
each model, the Log Likelihood (LL) and the Akaike Information Criterion (AIC) were used.
In the AIC method, the LL is adjusted for the number of parameters of each model in order to
balance model fit and model complexity. To evaluate the uncertainty of the model parameter
values, the 68% confidence intervals (CI) were calculated. The Area under the ROC curve
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(AUC) was used to describe the probability that a model will correctly separate the survivors
with the syndrome from survivors without the syndrome. When comparing distributions of
categorical variables p values were calculated using Fishers exact test. In cases of continuous
variables the Mann-Whitney test was used. Moreover, the Pearson correlation coefficient r
was calculated, to investigate the volume parameters.
Results
Table 1 summarises the demographics and treatment characteristics of the 98 cancer survivors
with and without ‘mucus syndrome’ included in the study. There was no significant associa-
tion found between the occurrence of ‘mucus syndrome’ and the studied variables. Fig 1 illus-
trates the factor loadings for the three symptoms which are associated and constitute the factor
‘mucus syndrome’. Of these, ‘anal leakage of mucus while awake’ had the highest loadings.
Table 2 presents the mean and max doses in the three OARs for survivors with and without
‘mucus syndrome’. The p-values for the mean doses to the sigmoid and the small intestine
were found to be significant. Fig 2 illustrates the mean cumulative DVHs for the survivors
with and without ‘mucus syndrome’ for the three OARs. For the rectum, the DVHs for survi-
vors having and not having ‘mucus syndrome’ were well separated for the dose interval 36.0
Gy-46.0 Gy. The DVHs cross at 10.5 Gy, 27.0 Gy, 36.0 Gy, 46.0 Gy, 48.0 Gy and 52.5 Gy. For
higher doses, the mean DVH for survivors without ‘mucus syndrome’ was higher than the one
for survivors without. For the sigmoid colon, the mean DVHs are well separated for low to
intermediate doses (0–27.0 Gy and 30.0–44.0 Gy) and the mean DVH for survivors with
‘mucus syndrome’ was higher than the one for survivors without the syndrome. However, the
DVHs cross at 27, 30.0, 44.5, 47.0 and 48.0 Gy. After 48.0 Gy, the mean DVH for survivors
Fig 1. Factor loadings associated with ‘excessive mucus discharge’. The crosses illustrate the factor loadings
corresponding to the three symptoms associated to ‘excessive mucus discharge’.
https://doi.org/10.1371/journal.pone.0250004.g001
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without ‘mucus syndrome’ was higher than the one for survivors with the syndrome. For the
small intestine, the mean DVH for survivors with ‘mucus syndrome’ was higher than the one
for survivors without the syndrome for the dose range 10.5 Gy- 52.0 Gy. The DVHs cross at
52.0 Gy and they merge for doses higher than 59 Gy.
Table 3 presents the dose-volume response parameters for the rectum, the sigmoid colon
and the small intestine and ‘mucus syndrome’ fitting the data in the Probit, RS and LKB
model. The value of γ50 was high for both the sigmoid colon (1.37, 1.31, 1.42) and the small
intestine (1.28, 1.23, 1.32) for Probit, RS and LKB models, while for rectum it was low (0.87).
The sigmoid colon (AUC: 0.68) and the small intestine (AUC: 0.65) had also the highest AUC
value. AIC values were lowest for Probit model from all three OARs but the differences in AIC
values between the models were small, which means that there are no large differences in
model fitting. Fig 3 illustrates the estimated dose-response relationships. Panels a, b and c
show that the sigmoid colon and small intestines have steep dose-response curves for all stud-
ied models while the rectum has a shallow curve. Panel d shows that for the small intestine the
fitting to the different models was the same for low to intermediate doses but was slightly dif-
ferent for doses above 50 Gy.
Discussion
Our results indicate that there is a dose-response relationship for the small intestine and the
‘mucus syndrome’. The mean dose to the small intestine correlates with the development of
the mucus syndrome. The γ50 values show that the small intestine has steep dose-response
curves and thus a strong dose-response relationship (Table 3, Fig 3). The dose-volume
response parameters for Probit, RS and LKB models indicate that there is no preferable model
to fit these data.
The small intestine was found to have steep dose-response curves γ50 (Probit: 1.28, R.S:
1.23, LKB: 1.32/ m:0.43) and the AUC (0.65) value indicates that the mean doses to the small
intestine for survivors with and without the syndrome were fairly well separated. The r (0.67)
value suggests that there is linear correlation between the mean and max doses d and thus it is
not possible to accurately calculate volume parameters. The estimated volume parameters s, n
and a show that the small intestine has a parallel behaviour, but the very wide confidence inter-
vals introduce a significant uncertainty to these values. The p value mean dose to the small
intestine were statistically significant. The mean cumulative DVHs for survivors with and
Table 2. Mean and maximum doses in the three OARs, for patients with and without ‘excessive mucus discharge’
and correlation coefficients between mean and maximum absorbed doses.
Survivors with or without ‘excessive mucus discharge’ Rectum Sigmoid Small intestines
Mean dose (SD)
With 41.7 (9.3) 42.0 (8.8) 41.2 (8.5)
Without 38.8 (7.8) 36.8 (7.1) 36.5 (6.9)
p� 0.24 0.022 0.046
Maximum dose (SD)
With 44.0 (9.4) 45.2 (9.6) 43.4 (8.8)
Without 41.3 (8.5) 42.0 (8.3) 41.8 (8.4)
p 0.30 0.23 0.57
Relationship of mean and maximum dose
Pearson correlation coefficient r 0.97 0.79 0.67
� p values from t-test of mean values.
https://doi.org/10.1371/journal.pone.0250004.t002
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Fig 2. Dose-volume histograms for the survivors with and without ‘excessive mucus discharge’. Mean cumulative
DVHs of rectum, sigmoid colon and small intestines for survivors with (black line) and without (grey line) ‘excessive
mucus discharge’.
https://doi.org/10.1371/journal.pone.0250004.g002
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without mucus syndrome were also well separated for low to intermediate doses. These observa-
tions agree with the results from our NTCP model estimations, which indicates that there is a
dose-response relationship between the mean dose to the small intestine and mucus syndrome.
According to the estimated NTCP parameters, the sigmoid colon also seems to have a dose-
response relationship. The sigmoid colon had a high γ50 (Probit: 1.37, R.S: 1.31, LKB: 1.42/
m:0.65) and AUC (0.68) value. In Fig 3 and Table 3 we can also see that D50 is 59.0 Gy, 60. 8
Gy and 56.9 Gy for Probit, RS and LKB respectively. We were able to estimate a volume
parameter for the sigmoid colon for both RS and LKB models indicating a parallel behaviour
for both models (s: 3e-09, n: 1e+08). However, the wide confidence intervals and the high r
value suggest uncertainty to these values. The p value for the mean dose to the sigmoid colon
was significant. However, the mean DVHs for survivors with and without the syndrome cross
at several intervals and they are well separated only in two small intervals. This behaviour of
the DVHs creates a significant uncertainty in the dose-response results, perhaps due to con-
founding factor. We believe that the results of the NTCP estimations for the sigmoid colon
may be or is the confounding factor.
There was no dose-volume response relationship found for the rectum and ‘mucus syn-
drome’. The value of γ50 (0.87) was very low and the AUC value was 0.53, which shows that the
model cannot distinguish between survivors with or without ‘mucus syndrome’ (Table 3).
That was also supported by the DVHs for the rectum. The r (0.97) value was also very high,
indicating that the mean and max doses to the rectum were linearly correlated.
Table 3. The maximum likelihood estimates of the dose-volume response parameters for the three OAR using
Probit, RS, LKB and EUD models and the values for the AUC (area under the ROC curve).
Rectum Sigmoid Small intestines
Probit
LL -35.7 -33.7 -32.1
D50 (CI) 86.3 (74.6–102.9) 59.0 (55.1–63.8) 61.6 (56.9–67.4)
γ50 (CI) 0.87 (0.75–0.99) 1.37 (1.17–1.57) 1.28 (1.10–1.46)
AIC 75.4 71.3 68.2
Relative Seriality
LL -35.7 -33.8 -32.2
D50 (CI) 85.9 (74.3–102.2) 60.8 (56.4–65.8) 63.1 (58.0–69.3)
γ50 (CI) 0.87 (0.75–0.99) 1.31 (1.12–1.51) 1.23 (1.06–1.41)
s (CI) 2e-07 (1e-100-18.3) 3e-09 (1e-100-0.8) 1e-07 (1e-100- 11)
AIC 77.4 73.6 70.4
LKB
LL -35.7 -33.2 -31.8
D50 (CI) 85.8 (74.2–100.0) 56.9 (53.4–61.2) 60.2 (55.8–65.5)
γ50 (CI) 0.87 (0.75–0.99) 1.42 (1.22–1.64) 1.32 (1.13–1.50)
m(CI) 0.65 (0.57–0.75) 0.39 (0.34–0.46) 0.43 (0.38–0.50)
n (CI) 1.23 (0.009–1.4e+06) 1e+08 (1e+20-1e+20) 1e+08 (1e+20-1e+20)
AIC 77.4 72.3 69.6
EUD
a (1/n) 0.81 (7.33e-07 111.45) 1e-08 (1.0e-20-1.0e-20) 9.56e-09 (1.0e-20-1.0e-20)
AUC (CI) 0.53 0.68 0.65
LL: Log Likelihood value, D50: Dose giving 50% of complication probability (Gy), γ50: Normalized maximum
gradient of the dose–response curve, s: Relative seriality parameter, m: steepness of the dose-response curve, n:
volume parameter, a: volume parameter, AIC: Akaike Information Criterion
https://doi.org/10.1371/journal.pone.0250004.t003
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Fitting the data to the different models using different a/b values, we found that the fitting
is best when using a/b = 1. Practically, that would mean that mucus syndrome is a late adverse
effect of radiation therapy.
The strength of this study is the high-quality data that we use and the epidemiological meth-
ods developed in-house in order to document patient reported symptoms [19–22]. There are,
however, limitations such as the possible errors and the effects of organ movement since the
rectum, sigmoid colon and small intestine are highly mobile organs. Another important uncer-
tainty is that we extracted the dose-volume information for only a part of the small intestine.
This fact introduces an uncertainty to the estimated dose-volume response relationships.
Moreover, there were a few CT scans where the distance of the slices was 2 cm and thus the
delineation was difficult.
Thor et al [23] estimated dose-volume response relations for the anal sphincter and mucus
discharge after radiotherapy for prostate cancer. AS dose/volume parameters were individual
predictors for Mucous in SW and the Mucous model in SW suggested a parallel behaviour for
AS (a = 0.50). High AS doses were important for Mucous. Thor et al., page 4 Acta Oncol.:
Heemsbergen et al reported from physician-based scorings of morbidity, relationships
Fig 3. Dose-response curves. The figure illustrates the dose-response curves of mean dose to the: (a) rectum, (b) sigmoid colon and (c) small intestine using
the Probit model, the Relative Seriality (RS) model, the LKB model. Panel d illustrates the mean dose to the small intestine for the Probit, Relative Seriality (RS)
and LKB models.
https://doi.org/10.1371/journal.pone.0250004.g003
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between dose to the superior parts of the rectum and mucous. They found the best predictions
for mucus loss were from the dose in the superior 70% of the anorectal map (p 0.007).
Our study indicates that ‘excessive mucus discharge’ is a disctinct syndrome that we may
take into consideration when assessing the quality of life of cancer survivors. The small intes-
tine seems to be the major organ associated with the occurrence of the syndrome and thus the
separate delineation of the small intestine would be important and useful in reducing the inci-
dence of the ‘excessive mucus discharge’. Trying to reduce and even eliminate the incidence of
‘excessive mucus discharge’, we would suggest that our dose-response estimations be used in
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